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ABSTRACT 

We present the discovery of a companion near the deuterium burning mass limit located at a very 
wide distance, at an angular separation of 4.6±0.1" (projected distance of ~670 AU) from UScoC- 
TIO 108, a brown dwarf of the very young Upper Scorpius association. Optical and near-infrared 
photometry and spectroscopy confirm the cool nature of both objects, with spectral types of M7 
and M9.5, respectively, and that they are bona fide members of the association, showing low gravity 
and features of youth. Their masses, estimated from the comparison of their bolometric luminosities 
and theoretical models for the age range of the association, are 60 ± 20 and Mj up , respectively. 
The existence of this object around a brown dwarf at this wide orbit suggests that the companion is 
unlikely to have formed in a disk based on current planet formation models. Because this system is 
rather weakly bound, they did not probably form through dynamical ejection of stellar embryos. 
Subject headings: stars: low-mass, brown dwarfs — stars: pre-main sequence — stars: planetary 
systems — binaries: general — stars: individual (UScoCTIO 108) 



1. INTRODUCTION 

To date, about 250 extrasolar planets have been iden- 
tified using the indirect techniques o f radial velocity, 
photometric transit and microlensing (iMavor fc Queloa 
[19951: [Konacki et all 12001 lUdalski et al.ll2005l h The di- 
rect detection of a planet's light allows a detailed study 
of its physical properties and it is crucial to improve our 
undestanding of these objects. At present, one extraso- 
lar planetary-mass companion has been directly imaged 
around the brown dwarf 2MASS J12073 347-3932540 in 
the v ery young TW Hydra association (jChauvin et al.l 
12004} ). Several substellar companions with masses close 
but likely above the deuterium burning mass limit (~ 
13 Mj up 6 , iSaumon et al.|[l996l ) have also been imaged 



of 145±2pc and with an estimated age of 5-6 Myr, 
(|de Zeeuw et alj|1999t IPreibisch fc Zinneckerj|1999f ). 



around stellar and substella r primaries ( Netihause r et al.l 
20051 IChauvin et all [20051: lltoh et all 120051: iLuhmanl 



2004lLuhman et al.ll2006HJavawardhana fc Ivano\l 2006t 



Ailed l2006HClose et alj I2007T ). All these systems are 
young (< 50 Myr) and have projected separations lower 
than 260 AU. There are also two unconfirmed planetary 
candidates imaged around brown dwarf s in the a and 
A Or ionis clusters (Caballero ct al. 2006; iBarrado et al.1 
2007). Here, we present the discovery of a compan- 
ion near the deuterium burning mass limit located at 
the much wider projected sep aration of 670 AU from 
the b rown dwarf UScoCTIO 108 (jArdila. Martin fc Basril 
2000), which belongs to the Upper Scorpius (USco) as- 
sociation. This is one of the youngest and closest OB 
associations to the Sun, located at an average distance 
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2. OBSERVATIONS 



We have searched 
ions (J> 16 and J 



for very red and faint compan- 
ies > 1) around 500 previously 
known memb e rs and c andidates of the USco association 
Ardila et alj 120001 : IPreibisch. Guenther fc Zinneckerl 
20021: iMartm. Delfosse fc Guieul 



[2000t 

2001; Preibisch et all 



2001 lLodieu et all l200l using the 2MASS and DE- 
NIS catalogues database and the United Kingdom 
Schmidt Telescope (UKST) plates. Among other can- 
didates, we identified a red source (2MASS J16055409- 
1818488) in the 2MASS catalogue around UScoCTIO 108 
(2MASS J16055407-1818443). Follow-up observations in 
the /-band showed that the new object has I — J = 
3.38 ± 0.09 and is located at an angular distance of 
4.6±0.1" and a position angle of 177±1°. Additional op- 
tical and near-infrared imaging and low resolution spec- 
troscopy were carried out using different instrumenta- 
tion. The detailed observing log is provided in Table [TJ 
Weather conditions were photometric at all the observa- 
tories and average seeing was in the range 0.7-1.0". 

We reduced the data with standard techniques, using 
routines within the IRAF environment, including bias 
and flat-field correction in the optical, and sky subtrac- 
tion and flat-field correction in the near infrared. Finally, 
we aligned and combined individual images to obtain the 
final one. A composite colour image using the IZK' 
bands of UScoCTIO 108A and B is shown in Figure [TJ 
We have performed aperture and PSF photometry of the 
resulting images using the DAOPHOT package. Opti- 
cal and near-infrared images have been calibrated using 
bright sources in common with the DENIS and 2MASS 
catalogues. The photometry of both the primary and 
the secondary are indicated in Table [2] The spectra 
were extracted using the APALL routine, wavelength cal- 
ibrated, and corrected for the instrumental response with 
observations of the spectrophotometric standard stars 
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Wolfl346 and HZ44. Near-infrared spectra have been 
corrected for telluric lines by dividing them by the A3- 
type star HD 142613 and multiplying by a blackbody of 
the corresponding effective temperature (T e g) of 8500 K. 

3. PHYSICAL PROPERTIES AND MEMBERSHIP OF USCO 

Using the photometry from Table O we have deter- 
mined that UScoCTIO 108A and B belong to the pho- 
tometric sequence of the USco association. In Fig- 
ure [H we represent an /, I — J color-magnitude dia- 
gram, where both objects are indicated by filled circles. 
The prim ary follows the sequence of previously known 
members dArdila et alJl2000HPreibisch et al.ll200l l2002t 
iMartm eT al. 2004; Lod ieu et al.ll2007t ) and the secondary 
smoothly extrapolates it towards fainter magnitudes and 
redder colours. We note that UScoCTIO 108B lies on the 
location of i solated planetary-mass objec ts in the a On- 
onis cluster ([Zapatero Osorio et al.ll200"ol ) when they are 
shifted to the distance of the USco association (see Fig- 
ure [2]). Using the WHT and IAC80 /-band images and 
the astrometry provided by 2MASS, we have measured 
the proper motion of UScoCTIO 108A to be (fi a cosS, 
Us = -8±14, -17±13)masyr~ 1 and UScoCTIO 108B 
to be (/XqjCOsJ, fis = — 6±40, -20±40) masyr -1 . Both 
measurements are consistent with the proper motion of 
the USco association (/z a cos<5, = —11, — 25masyr~ 1 , 
Ide Zeeuw et al.llT999f ) , but the large error bars of the sec- 
ondary prevent us from reaching any firm conclusion. 

We have determined the spectral classification of 
UScoCTIO 108A and B by comparison with stan- 
dard objects of well-known spectral type and us- 
ing PC3 and PC4 indexes for the o ptical spectra 
(|Martm. Rebolo fc Zapatero Osorio] Il996f ) and the wa- 
ter in dex at 1.2 /zm for the infrared ones (jGeballe et al.l 
2002). In Figure [31 we present our spectra and 
data of other young (Oph 1622-2405AB, KPNOTau4) 
and field dwarfs (VB8, 2MASS J1439284+192915, 
2MASS J1506544+132106) taken from the literature (see 
references in the caption of the figure). We have derived a 
spectral type for the primary of M7 with an error of half a 
subclass in both the optical and near-infrared spectra, al- 
though the bluer part of the optical spectrum seems to be 
of a hotter object. We estimate that the secondary is an 
M9.5 by comparison of the optical and J-band data with 
the young sources Oph 1622-2405B and KPNO Tau4, an 
LI according to the pseudocontinuum index PC3 ([823- 
827] / [754-758] nm), and its near-infrared spectrum is 
similar to the L3 field dwarf 2MASS J1506544+132106. 
The slightly different typings may be due to the effects 
of a low-pressure, cool atmosphere on the various op- 
tical and near-infrared spectroscopic features. We fi- 
nally adopt a classification of M9.5 for UScoCTIO 108B. 
The spectral types of the primary and secundary corre- 
spond to a T cff of 2700±100K and 2350^ K, respec- 
tively, adopt ing the temperature scale for high gravit y 
field dwarfs ([Dahn et al.l l2002t iGolimowski et all 12004] ) . 
The T oB of UScoCTIO 108A is consistent with the T eS 
calculated for both components of the low-gravity M6.5 
eclipsing binary 2MASS J05352184-0546085 (2900 and 
2800 K). We have computed these values from the to- 
tal luminosity (estimated from the ff-band magnitude , 
the bolometric correction from Golimo wski et all I2004L 
an d a distance of 480 p c), the radii, and T e s ratio given 
bv lStassun et alj ([2006D . 



Optical spectroscopy of UScoCTIO 108A shows spec- 
tral features characteristic of youth, such as a very 
strong H Q (equivalent width, EW = — 90 ± 2 A) and Hci 
emission lines (EW[5876A]= -10 ± 2 A, EW[6678A] = 
— 1.5 ± 0.5 A), which indicate that the primary is still 
in the process of accreting from a disk. In addition, al- 
kaline lines such as Nai and Kl are weaker than their 
field dwarf counterparts, which is characteristic of still 
contracting low-gravity objects. The Li I line is also 
detected in absorption (EW = 0.45 ± 0.1 A), but it is 
slightly less intense than expected for its spectral type 
and youth. This could be caused by the higher con- 
tinuum in this region, i.e., veiling, probably due to the 
accretion of material from the disk. By dividing its 
spectrum by tha t of other non-accreting M 7 dwarfs, 
such as SOri27 dZapatero Osorio et al.l l2002f). SOri40 
([Beiar et al.lll999l) and VB8 (this paper K we estimate 



a veiling factor (r = F cxcoss /F p i loto ) of 0.4-0.7, which 
gives a corrected EW(Lii) = 0.6-0.8 A, consistent with a 
total preservation of this clement. Optical spectroscopy 
of UscoCTIO 108B also shows H a in emission, but this 
is less intense than in the primary (EW = —15 ± 10 A). 
The presence of this line is rare (less than 20 %) in the 
spectra of field L dwarfs ([Schmidt et al .1 [2007h - and this 
could be a signature of youth. The Nai and Kl lines are 
weaker and the TiO and VO molecular bands are more 
intense than expected for objects of the same spectral 
type in the field (see Figure [3]), which are also indicative 
of youth. Low-gravity features are even clearer in the 
J-band spectra, where both the primary and secondary 
show weaker K lines than the late- type field dwarfs. The 
hydrides (FeH and CrH) also appear weaker at optical 
and near-infrared wavelengths in the USco objects than 
in the field dwarfs. This is likely related to an intense 
TiO abs orption characterist ic of low gravity, cool atmo- 
spheres (|Martm et al.lll996[ ). In summary, from optical 
and near-infrared spectroscopy, we may conclude that 
UScoCTIO 108A and B have spectral features of a very 
young age, which support their membership of the USco 
association. 

We have derived the luminosity of both objects from 
their U K 1 -hand magnitude s, the bolometric correc- 
tion from iDahn et al.r(|2002ft . IGolimowski et alj ([2004D 
and the USco distan ce modulus m — M = 5.81 ± 0.3 
(|de Zeeuw et al.lll999[ ). We have not applied any redden- 
ing correction to apparent magnitudes since the extinc- 
tion in the USco association is found t o be quite small 
(A v < 2, iPreibisch fc Zinneckeri Il999f ). We have ob- 
tained a luminosity of logL/L Q = — 1.95^"'^ for US- 
coCTIO 108A and logL/Lo = -3.14 ± 0.20 for US- 
coCTIO 108B. We can estimate the mass of the ob- 
jects by comparison of the derived luminosity with pre- 
dictions from theor etical models (Baraffc e t al.1 120031 : 
I Burrows et alj 119971 ) . Figure 0] shows the luminosity of 
both objects and other very low-mass substellar com- 
panions in compari son with evolutionary models from 
iBaraffe et al.1 ([20031 ). Isochrone fitting to the more mas- 
sive stars sequence suggests an age of 5-6 Myr for USco 
(|Preibisch fe; Zinnec kcr 1999). From this estimated age, 
we obtain a mass of 60 ± 10 M j up for the primary, 
i.e., within the brown dwarf domain, and a mass of 
14 ± 2Afj up for the secondary, i.e., at the deuterium 
burning mass limit. The existence of Li in very low- 
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mass stars provide an alternative way to restrict the 
age of the association, because this element is destroyed 
very fast in their fully convective interiors. The com- 
parison of the Li abu ndance in early M-type members 
(Prcibisch ct al. 20 01]) with theo retical spectral synthe- 
sis (|Zapatero Osorio et al.ll2002h indicates that most of 
them preserve their initial Li content. According to evo- 
lutionary models, this indicates that the age of the as- 
sociation is lower t han 8 Myr and most likely in the in- 
terval 2-4 Myr (see lZapatero Osorio et aL 2002). In fact, 
the great similarity between the photometric sequences 
of USco and a Orionis, which has a likely age of 3 Myr, 
when both star associations have been moved to the same 
distance, and UScoCTIO 108A being still in a strong ac- 
cretion phase, also argue in favor of a younger age for the 
system. Adopting the wider range of ages of 1-8 Myr, we 
estimate a conservative wider mass range for both com- 
ponents: 60 ± 20 Mj U p for the primary and 14+g Mj up 
for the secondary. 

4. EVIDENCE OF BINARITY 

Once we have demonstrated that UScoCTIO 108A and 
B are members of the USco association and we have es- 
timated their masses, one question still remains open, 
which is whether the binary is physically bound or just 
a chance projection effect. To check this, we have esti- 
mated the probability of finding a planetary-mass mem- 
ber (J > 16) in our search within a radious of 10"around 
500 members and candidates of the association. This ex- 
ploration is limited by sensitivity of the 2MASS Point 
Source Catalogue (jCutri et alJ 120031 ). which is J ~ 
17 — 17.5. We have derived the density of such objects 
with a J-band magnitude in the range of 16-17 .5 to be 
p ~ 1.1 deg -2 from a survey (jLodieu et al.ll2007f l that is 
much deeper than 2MASS. Assuming a Poissonian distri- 
bution for the number of additional members in a given 
area, we can estimate this probability to be 1-P, and 
P = P(x = 0) = exp(— np), where P is the probabil- 
ity of finding no additional member, n is the number of 
events (500), and p is the expected number of objects in 
a 10"radious (p = p*arca = 2.67* 10~ 5 ), with the result 
that there is a probability of about 1.3% that UScoC- 
TIO 108B is another member of the association located 
by chance in the direction of UScoCTIO 108A. If we con- 
sider only the probability of finding another member at 
the distance of UScoCTIO 108B (4.6"), this probability 
turns out to be lower by a factor of 4.5. 

The projected separation of both components, 670 AU 
for the average distance to the association, is also not 
very common in very low-mass stars and star/brown 
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dwarf systems, but there are some known cases at this 
separation and e ven at larger ones (see Fig. 15 from 
IClose et "all l2007t ). The escape velocity from the pri- 
mary at this distance is only 0.4 kms -1 and the grav- 
itational bound energy of the system is 1.86xl0 33 J. Al- 
though other substellar pairs with similar mass ratio 
are known, the UScoCTIO 108A and B system is the 
widest identified so far and possibly has a lowest grav- 
itational bound energy th an any other know n low-mass 
binary (see Fig. 16 from IClose et all 12001 . Fo llowing 
the analytical solutions g i ven i n IWeinberg et alJ (|1987I ) 
and iBinnev &: Tremaind l) 19871 ). we estimate that the 
timescale of disruption of the system in an environment 
with the typical density of USco (~ 0.3 object pc -3 ) is 
a few hundred million years, which is a longer timescale 
than that expected for the dissipation of USco. 

5. CONCLUSIONS AND FINAL REMARKS 

In conclusion, we have found a 14^g Mj up companion 
to the 60±20M Jup brown dwarf UScoCTIO 108 at an an- 
gular separation of 4.6±0.1" (projected distance of ~ 670 
AU) in the very young USco association. It seems very 
difficult to explain the in situ formation of th is object in 
a disk by core accre tion (|Pollack et al.lfl996l ) or disk in- 
stability (Boss 1997:^. Given the typical size and density 
profile of stellar disks, there does not seem to be enough 
mass at such a wide separation to form a companion of 
this mass, unless it has originated at a lower distance 
and migrated to its present location. This very low-mass 
substellar system has a low binding energy, implying that 
it is unlikely to have bee n ejected from a higher m ass 
unstable multiple system (jReipurth fc Cl arke 200j]). A 
more likely scenario is that the system was originated 
from the disruption of a more massive core (|Bodenheimerl 
1998) in a way similar to other binary stars are supposed 
to be formed. If the formation of these wide and very 
low mass systems in the denser central part of clusters 
is relatively frequent, this could explain the existence of 
isolated planetary-mass objects as planetary-mass com- 
panions that became unbound from their primaries. 
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Fig. 1.— Composite colour IZK image (19.5" X 19.5") of UScoCTIO 108A and B (I = blue, Z = green, K' = red). IZ images are from 
AUX intrument on the WHT and the K' image from NICS on the TNG. All images were convolved with a gaussian to a spatial resolution 
of 1.1". 




I-J 

Fig. 2. — 1,1 — J color— magnitude diagram of previously known members of the USco association (open circles) and isolated planetary- 
mass objects in the <r Orionis cluster (open squares) shifted to the distance of the forme r, UScoCTIO 108A and B are represented by solid 
circles with their photometric error bars. The isochrones from the Lyon group models (Baraffe ct al. 2003) and estimated masses for the 
5 Myr age (in Jupiter mass units) are also indicated. 
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Fig. 3. — Optical (left panel) and J-band (right panel) sp ectra of UScoCTIO 108A and B (in red in the electronic ver sion), young objects 
(data from Luhman ct al. 2007 and McGovcrn ct al. 2004) and field dwarfs (from this paper, Kirkpatrick ct al. 1999, and McLean ct al. 
2003) of a similar spectral type. Their names, spectral type, and main spectroscopic features are indicated. All the spectra have been 
normalized to unity at 8175A and 1.30 /im. 
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Fig. 4. — Luminosity, age diag ram. UScoCTIO108 A and B, are represe nted by solid circles, and other very low-mass substellar companions 
as triangles (data from Luhman ct al. 2006, 2007; Chauvin ct al. 2004). Evolutionary tracks (dashed lines) from the Lyon group models 
HBaraffe et al.ll2003t) are also shown. Masses to the right are indicated in Jupiter mass units. 
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TABLE 1 
Observing log 



Telescope 


Instrument 


Mode 


Plate Scale 
("pix- 1 ) 


Wavelength range 
(/im) 


Dispersion 
(A pix- 1 ) 


Resolution 
(A) 


Obs. date 


Exp. time 

00 


IAC80 


CCD (2kx2k) 


Imaging 


0.305 


/ 






2007 July 5 


3600 


WHT 


AUX (lkxlk) 


Imaging 


0.108 


IZ 






2007 July 15 


600 


WHT 


ISIS (R158R grating) 


Spectroscopy 


0.22 


0.55-0.95 


1.8 


6 


2007 July 15 


7200 


TNG 


NICS (lkxlk) 


Imaging 


0.25 


JHK' 






2007 July 16 


300 


Kcckll 


NIRSPEC 


Spectroscopy 


0.19 


1.14-1.35 


2.8 


9 


2007 July 24 


600 
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TABLE 2 

Photometric and spectroscopic data and physical parameters 



ID 


I 


I - Z 


I — J 


J-H 


J-K' 


Sp. Type 


Luminosity 
log L/Lq 


T efJ 

(K) 


Mass 
(M Jup ) 


UScoCTIO 108A 


15.65±0.08 


1.00±0.1 


2.23±0.09 


0.58±0.04 


0.91±0.04 


M7 




2700±100 


60±20 


UScoCTIO 108B 


19.91±0.08 


1.30±0.1 


3.38±0.09 


0.78±0.08 


1.42±0.11 


M9.5 


-3.14±0.20 


23501™ 


1411 



